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I. 

TECHNICAL MEMORANDUM 

INTRODUCTION 

The problem of radiation shielding in space can be 
divided into three catagories: 1. Shielding against heavy 
charged particles, mainly protons; 2. Shielding against elec- 
trons; 3. Shielding against secondary radiation (e.g. bremsstrah- 
lung) produced by energetic electrons and protons. The rela- 
tive importa'nce of these radiation sources in determining the 
radiation dose depends on the spacecraft's location in space and 
the amount of shielding available.. Outside of the Earth's 
trapped radiation belts solar flare and solar wind protons and 
alpha particles are the predominant radiation sources. In the 
radiation belt environment both protons and electrons can contrib- 
ute to the dose, with the electron contribution becoming rela- 
tively less important as the shielding thickness increases. For 
Apollo Mission E electrons contribute over 90% of the skin dose 
in the LM and only 15% in the CM. Secondary bremsstrahlung, being 
much more penetrating than the primary charged particles, sets a 
lower linit on the shielded radiation dose. In this study the problem 
of calculating radiation dose due to energetic electrons and their 
associated bremsstrahlung is considered. Therefore, the results will 
be particularly applicable to space flights in the Earth's radiation 
belts in relatively thin-walled spacecraft such as the lunar module. 
However, it should be kept in mind that proton doses, which are not 
considered here, can bei an appreciable if not predominant factor in 
many cases. Rather than produce an entirely new electron dose code, 
the purpose of this study is to investigate various methods of 
electron dose calculation in order to point up possible areas where 
improvement could be made in either input data or calculational 
techniques. . 

Electron dose calculations are complicated by the fact 
that the analytic solutions to the problem of electron transport 
in matter are not possible without drastic simplifying assump- 
tions. As a result Monte Carlo techniques have been extensively 
developed as a means of approaching the problem. However, be- 
cause of the great amount of computer time needed for a sophis- 
ticated Monte Carlo code to solve a given problem, it is not pos- 
sible f o r  large scale radiation dose studies to be done in this 
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manner. What is done, therefore, is to generate solutions for 
simple geometries and a limited number of materials using Monte 
Carlo techniques, an4 then generalize the results so that they 
can be used to calculate the dose for more complicated geome- 
tries. In this way a variety of shielding configurations and 
external electron environments can be studied for a mlnimum in- 
vestment in computer time. 

The most extensive set of Monte Carlo electron trans- 
port calculations have been carried out by Berger and Seltzer. 
Their code has been &scribed in detail elsewhere(2) and will not 
be discussed here. Their results give the fraction of incident 
electrons of initial kinetic energy, E, penetrating an aluminum slab 
of thickness z (gm/cm2)% as a function of the reduced thickness, 

x =  - 

electrons in aluminum. Tables of number transmission coefficlents 
are given for'various incident electron energies and angles, 
and for isotropic (dN ( e )  = No cos Ode) incidence. 
tables of energy transmission coefficients are also given; i.e., 
the fraction of incident energy that is transmitted though a slab 
of reduced thickness x. Recently Berger and Seltzer have also 
calculated the fraction of incident electron energy that appears 
as forward bremsstrahlung from aluminum slabs of varying thick- 
nesses. ( 3 )  These results can be used to calculate the bremsstrah- 
lung contribution to the electron dose. 

z where Ro(E) is the extrapolated range of the incident Ro(E>, 

In addition 

In the next sectionmethods of calculating the primary 
electron dose are described, and the limitations of the calcula- 
tions are discussed in section 111. Section IV is concerned with 
the calculation of the bremsstrahlung dose. Section V contains 
dose calculations for Apollo Mission E and compares these results 
with previous work. Section VI summarizes the results .of this 
study and makes recommendations for further study in this area. 
The appendix contains a complete description of the code, BEDOSE, 
which was used to do the calculaticns, including input-output 
format and a listing. 

11. ELECTRON DOSE 

Consider a semi-infinite aluminum slab of thickness z 2 (gm/cm ) irradiated on one face by an isotropic electron flux 
+(E,t) whose time integrated value.is Q ( E )  (electrons/cmzMeV)(see 
Figure 1). The electron number and energy transmission coeffi- 
cients of Berger and Seltzer are defined as follows: 

*z('g/cm2)= p(g/cm3) x t(cm) is called the areal density and is the 
quantity usually used to describe shielding thicknesses. Ranges 

one material to another than if expressed in centimeters. 
:expressed in this unit for a given particle vary much less from 
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# of electrons of initial energy E,, 
U penetrating s l ~ b  

# of electrons of energy E_ incident TN(Eo,z> = 
U on slab 

total energy of electrons of initial 
energy Eo that penetrates siBb 

total energy incident on slab due to 
electrons of initial energy E 

TE(Eo,z> = 

0 
These coefficients can be used in two ways to calculate the elec- 
tron dose delivered to a material on the shielded side of the slab. 

Using the number transmission coefficient, the number 
of electrons of initial energy E penetrating the slab per cm2 is 
simply @ (E) TN (E,z)dE. 
electrons will be 

The skin dose in rads produced by these 

- 
dE' is the average energy per unit depth (MeV/gm/cm2) deposited by dz 
the electrons of initial energy E after penetrating the slab, where 
the averaging is done over the emergent electron spectrum. The 
constant 1.6~10-~ converts from (MeV/gm/cm*) to rads (100 ergs/gm); 
Since electrons in the trapped radiation belts have a wide spec- 
trum of energies equation (1) must be integrated over energy to 
obtain the total electron dose, 

@(E) can be obtained from models of the space electron environment 
and TN from Berger's work. -- dE' is a little more difficult. It is dz 
not simply calculated from the absolute value of the stopping power 
of the material in question for two reasons. The electrons do not 
travel in straight paths and they enter the material at a variety of 
angles. Therefore, the actual distance traveled by the electrons is 
greater than their depth of penetration. Calculations with TE(E,z) 
(the next method to be dis'cussed) show that dE' is actually 2-3 times 
times the absolute value of the stopping power. However, these calcu- 

lations also shoiQ that 
z, as might be expecteci from the insensitivity of the stopping power 
t o  variations in energy between 0 . 5  and 10 MeV. Therefore, we 

- 
- "' is a fairly insensitive function of E and dz 

- 
dE ' can replace - dF,' l~ly an averaye Tr3,~tie <=> to give us dz 

De(z) = 1.6 x 10 -8 <=> dE' [ o(E) TN (E,z)dE. 



BELLCOMM, I N C .  - 4 -  

Because of  t h e  cons ide ra l - l e  amount of computer t i m e  r e q u i r e d  to 
o b t a i n  v a l u e s  of  t he  number c o e f f i c i e n t ,  v a l u e s  a t  more t h a n  a 
f e w  e n e r g i e s  have o n l y  r e c e n t l y  become a v a i l a b l e . '  It t u r n s  o u t  
t h a t  i f  z i s  r e p l a c e d  by t h e  reduced  w i d t h  x = x/Ro, t h e  v a l u e s  
of Tu(E,x) a r e  f a i r l y  i n s e n s i t i v e  to v a r i a t i o n s  i n  E .  
enab le s  one to u s e  a u n i v e r s a l  f u n c t i o n  T N ( x )  i n  p l a c e  of TN(E,z)  
i n  e q u a t i o n  (2a) .  

Monte Car lo  r u n s  u s i n g  1 MeV i n c i d e n t  energy e l e c t r o n s ,  g i v i n g  t h e  
dose  e q u a t i o n .  

T h i s  

I n  t h e  past  TN(x)  has been c o n s t r u c t e d  from 

c)3 

De(z) = 1 . 6  x 1 0  @ ( E )  TN(l ,x)dE 

I n  a c t u a l  p r ' a c t i c e  upper  and lower l i m i t s  a re  s e t  on t h e  energy 
r ange  of  i n t e g r a t i o n ,  above which the re  i s  assumed t o  be a n e g l i -  
g i b l e  number of e l e c t r o n s  and below which i t  i s  assumed. no e l e c -  
t r o n s  p e n e t r a t e  t h e  s lab.  We w i l l  come back to t h i s  p o i n t  and 
t h e  q u e s t i o n  of  u s i n g  a u n i v e r s a l  t r a n s m i s s i o n  f u n c t i o n  a f t e r  
deve lop ing  t h e  second method of e l e c t r o n  dose  c a l c u l a t i o n .  

The second method o f  c a l c u l a t i n g  t h e  e l e c t r o n  dose  
makes use  o f  t h e  energy t r a n s m i s s i o n  c o e f f i c i e n t s  of Berger  and 
S e l t z e r .  It was f irst  brought  to t h i s  w r i t e r ' s  a t t e n t i o n  i n  a 

though t h e  arguments  advanced h e r e  d i f f e r  from t h e i r s  i n  c e r t a i n  
r e s p e c t s .  We w i l l  assume f o r  t h e  p r e s e n t  t h a t  w e  have a un ive r -  
sa l  energy t r a n s m i s s i o n  cu rve  T E ( x ) .  
i n c r e a s i n g  t h e  s lab t h i c k n e s s  from x to x+Ax. The q u a n t i t y  
TE(x+Ax)-TE(x) w i l l  be e q u a l  to t h e  f r a c t i o n  of t h e  i n c i d e n t  
energy d e p o s i t e d  i n  Az = RoAx. 
assume t h a t  t h e  f r a c t i o n  of energy r e f l e c t e d  backward i s  n e g l i -  
g i b l e  or more a p p r o p r i a t e l y  t h a t  i n  t h e  l i m i t  of  v a n i s h i n g l y  
small  Az t h i s  re f lec ted  energy i s  compensated f o r  by b a c k s c a t t e r e d  
energy  from material f a r t h e r  on. T h e r e f o r e ,  t h e  dose  d e l i v e r e d  
t o  Az i s  

pape r  (unpub l i shed)  by PJ. B u r r e l l  and J .  Wright o f  MSFC, ( 7 )  a l -  

Consider  t h e  e f f e c t  of  

I n  making t h i s  argument 'we t a c t i l y  

1 . 6  x ~ o - ~ ( T ~ ( ~ + A X )  - T ~ ( X ) )  

Ro(E) Ax 
- @(E)E dE D A ~  

where Ro(E) Ax = Az. 
t h e  sh i e lded  s i d e  of t h e  aluminum s l a b  we let A x 4 0  and i n t e g r a t e  
ove r  E to o b t a i n  

For s k i n  o r  s u r f a c e  dose  i n  any material on 
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where w e  have r e p l a c e d  R ( E )  b y  RA(E), t h e  e l e c t r o n  r ange  f o r  t h e  

mater ia l  i n  q u e s t i o n ,  and x = - 
R o ( E )  

t h e  aluminum s l ab .  @(E) can b e  o b t a i n e d  from models o f  t h e  space  
e l e c t r o n  envi ronment ,  can be  c a l c u l a t e d  from t h e  t r a n s m i s -  

s i o n  data  o f  Berger and S e l t z e r ,  and Ro(E) and RA(E) can  b e  ob- 
t a i n e d  from t h e  range-energy t a b l e s  of Berger  and S e l t z e r .  
Equa t ion  ( 3 )  can be used t o  c a l c u l a t e  t h e  dose d i r e c t l y ,  whereas’ 
i n  equa. t ion (2b)  i t  was n e c e s s a r y  t o  estimate<=>. 

e q u a t i o n  ( 3 )  w i l l  l a t e r  be used to de te rmine  < = > f o r  v a r i o u s  
s p e c t r a  and s l ab  t h i c k n e s s e s .  A s  b e f o r e ,  l i m i t s  must b e  p u t  on 
t h e  i n t e g r a l  i n  e q u a t i o n  ( 3 )  i n  o r d e r  to n u m e r i c a l l y  i n t e g r a t e  
i t .  The c a l c u l a t i o n s  i n d i c a t e d  i n  e q u a t i o n s  ( 2 b )  and ( 3 )  are 
c a r r i e d  o u t  b y  t h e  code BEDOSE (Brensstrahlung-Electron Dose) .  
T h i s  code i s  d e s c r i b e d  i n  d e t a i l  i n  t h e  appendix i r , c lud ing  i n p u t  
and o u t p u t  fo rma t s  and a l i s t i n g  o f  t h e  program. S i n c e  i t  i s  to 
b e  expec ted  t h a t  any r a d i a t i o n  dose  code i n t e n d e d  f o r  s p a c e  a p p l i -  
c a t i o n s  w i l l  be  used  for a wide  v a r i e t y  o f  env i ronmen ta l  condi-  
t i o n s ,  i t  i s  n e c e s s a r y  t o  c l e a r l y  u n d e r s t a n d  t h e  l i m i t a t i o n s  of 
such  a code i n  o r d e r  to c o r r e c t l y  i n t e r p r e t  t h e  r e s u l t s .  I n  t h e  
n e x t  s e c t i o n  t h e  e l e c t r o n  dose c a l c u l a t i o n  d e s c r i b e d  above i s  
examined i n  d e t a i l .  

0 

i s  t h e  reduced  t h i c k n e s s  f o r  Z 

dx 

(4) 

dE ’ 
d E  ’ 

I n  f a c t  

111. LIMITATIONS 

To p r o p e r l y  apply  e q u a t i o n s  ( 3 )  or (2b) t o  t h e  c a l c u l a -  
t i o n  of  e l e c t r o n  doses  i n  s p a c e ,  i t  i s  n e c e s s a r y  to under s t and  
b o t h  t h e  l i m i t a t i o n s  of  t h e  c a l c u l a t i o n s  and t h e  l i m i t a t i o n s  of 
t h e  i n p u t s  which go i n t o  t h e  c a l c u l a t i o n s .  I n  t h i s  s e c t i o n  t h e  
f o l l o w i n g  problems w i l l  be  d iscussed . :  

1. The v a r i a t i o n  o f  t h e  t r a n s m i s s i o n  cu rves  w i t h  
i n c i d e n t  e l e c t r o n  energy.’  

2 .  Lack o f  t \ r ansmiss ion  data for v a l u e s  of  x between 
0 . 7  and 1. 

3 .  Choice o f  a low energy c u t o f f  f o r  t h e  i n t e g r a t i o n .  
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4 .  Lack o f  e l e c t r o n  s p e c t r a l  data a t  h i g h  ene rgy .  

5. Choice o f  a h igh  energy  c u t o f f f o r  t h e  i n t e g r a t i o n .  

Problems 2 and 3 and problems 4 and 5 are o f  cour se  re la ted .  

I n  o r d e r  t o  i l l u s t r a t e  v a r i o u s  problems d i s c u s s e d  
below, two sample e l e c t r o n  s p e c t r a  w i l l  b e  used i n  e q u a t i o n  ( 2 b )  
or ( 3 ) ;  a s o  c a l l e d  s o f t  spec t rum r e p r e s e n t e d  b y  

and a hard or f i s s i o n  spec t rum ( t a k e n  from Reference  8 )  g i v e n  b y  

00 

B o t h  s p e c t r a  are normal ized  s o  t h a t  @ ( E ) d E  = 1 and are shown 

i n  F i g u r e  l a .  The l a t t e r  spec t rum i s  t y p i c a l  o f  r e g i o n s  i n  t h e  
t r a p p e d  r a d i a t i o n  b e l t s  where e l e c t r o n s  from t h e  S t a r f i s h  h i g h  
a l t i t u d e  n u c l e a r  e x p l o s i o n s  s t i l l  predominate  w h i l e  t h e  former 
‘ i s  more t y p i c a l  of  t h e  n a t u r a l  e l e c t r o n  e n v i r o n m e n t i n  ear th  o r b i t .  

0 

Recent c a l c u l a t i o n s  i n d i c a t e  t h a t  t h e  t r a n s m i s s i o n  
cu rves  cannot  be c o n s i d e r e d  to be independent  o f  ene rgy ,  e s p e c i a l l y  
f o r  v a l u e s  o f  t h e  reduced  t h i c k n e s s  g r e a t e r  t h a n  0 . 5 .  F i g u r e  2 
shows t h e  number t r a n s m i s s i o n  cu rves  f o r  1 MeV and 6 MeV e l e c t r o n s  
i s o t r o p i c a l l y  i n c i d e n t  on a n  aluminum s lab.  These c u r v e s  a re  
t a k e n  from ivlonte C a r l o  c a l c u l a t i o n s  o f  Be rge r  and S e l t z e r .  ( 3 )  
I f  a s i g n i f i c a n t  f r a c t i o n  o f  a p a r t i c u l a r  e l e c t r o n  dose  i s  due t o  
e l e c t r o n s  t h a t  have p e n e t r a t e d  a reduced  t h i c k n e s s  g r e a t e r  t h a n  
about  0 . 5 ,  t h e  r e s u l t  o f . t h e  c a l c u l a t i o n  w i l l  depend on which 
curve  i s  used .  F i g u r e s  3a and 3b show t h e  v a r i a t i o n  o f  t h e  energy  
and number t r a n s m i s s i o n  c o e f f i c i e n t s  w i t h  energy  f o r  v a r i o u s  
v a l u e s  of  t h e  reduced  t h i c k n e s s .  A good f i t  to t h i s  energy  v a r i -  
a t i o n  can b e  o b t a i n e d  w i t h  t h e  f o l l o w i n g  f o r m u l a s :  
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For  E <1 MeV o r  E > 6  MeV one should  u s e  t h e  1 N e V  and 6 MeV t r a n s -  
m i s s i o n  curves '  r e s p e c t i v e l y .  

Table  I i l l u s t r a t e s  t h e  e f f e c t  of t h e  v a r i a t i o n  i n  t h e  
two t r a n s m i s s i o n  c u r v e s .  E l e c t r o n  dose  i n  aluminum i s  l i s t e d  
v e r s u s  s lab t h i c k n e s s  f o r  t h e  hard and s o f t  e l e c t r o n  s p e c t r a .  
T h e  c a l c u l a t i o n s  have been normal ized  to g i v e  a dose of o n e r a d  
w i t h  t h e  1 MeV t r a n s m i s s i o n  cu rves  a t  each s h i e l d  t h i c k n e s s .  
TE(6 ,x)  and T E ( l , x )  were used i n  e q u a t i o n  ( 3 )  to o b t a i n  t h e  .numbers 
i n  Table  I .  The d i f f e r e n c e  i n  dose produced by t h e  two t r a n s m i s s i o n  
CuFves i n c r e a s e s  w i t h  s h i e l d  t h i c k n e s s  and i s  g r e a t e r  f o r  t h e  soft 
spec t rum t h a n  t h e  ha rd  spectrum. T h i s  i s  to be expec ted  s i n c e  f o r  
t h i c k e r  s h i e l d s  and/or  s o f t e r  s p e c t r a ,  t h e  e l e c t r o n s  c o n t r i b u t i n g  
t o  t h e  dose  w i l l  have p e n e t r a t e d  g r e a t e r  reduced t h i c k n e s s e s ,  and 
the  v a r i a t i o n  i n  t h e  t r a n s m i s s i o n  cu rves  i n c r e a s e s  w i t h  i n c r e a s i n g  x. 
The dose c a l c u l a t i o n s  i n  S e c t i o n  V use  TE(6 ,x )  and TN(6,x)  s i n c e  
these curves  g i v e  t h e  most c o n s e r v a t i v e  answers .  

A s  can be s e e n  i n  F i g u r e  2,  t h e  t r a n s m i s s i o n  c o e f f i -  
c i e n t s  have been c a l c u l a t e d  only  f o r  x < 0 . 7 .  T h i s  i s  dce i n  par t  
to t h e  f a c t  t h a t  l a r g e  amounts of compuFer t i m e  are needed to 
o b t a i n  s t a t i s t i c a l  accuracy  f o r  t h i c k  s l abs .  Although energy 
and  number t r a n s m i s s i o n  c o e f f i c i e n t s  are  q u i t e  small for h i g h e r  
v a l u e s  of x ,  t h i s  r e g i o n  may be t h e  main c o n t r i b u t o r  to t h e  dose 
f o r  e l e c t r o n  s p e c t r a  t ha t  d e c r e a s e  r a p i d l y  w i t h  energy .  F igu re  
4 shovis TE(6,x)  for i s o t r o p i c a l l y  i n c i d e n t  e l e c t r o n s ,  and compares 
i t  t o  t h e  a n a l y t i c  f i t  to t h e  c a l c u l a t i o n s  used  i n  e q u a t i o n  ( 3 ) .  
The minimum energy c u t o f f  used i n  t h e  i n t e g r a t i o n  i n  e q u a t i o n  ( 3 )  
w i l l  de t e rmine  how f a r  t h e  t r a n s m i s s i o n  cu rve  must be e x t r a p o l a t e d .  
Figures 5a and 5b are h is tograms o f  t h e  c o n t r i b u t i o n s  to t h e  
e l e c t r o n  dose  as a f u n c t i o n  of t h e  i n c i d e n t  e l e c t r o n  energy for 
the 2 . 0  and 4 . 0  gm/cm2 s labs  i n  Table  I .  The minimum energy f o r  
the i n t e g r a t i o n  was chosen s o  t h a t  x <1.0. The' .his togram area 
i s  normal ized  to u n i t y ,  and r e s u l t s  for b o t h  t h e  hard  and s o f t  
e l e c t r o n  s p e c t r a  are shown, The energy p o i n t s  a t  which x = 0.7  
and 1 . 0  are marked by a r rows .  

It i s  e a s i l y  seen  t h a t  a s i g n i f i c a n t  p o r t i o n  of t h e  
d o s e  i s  due to e l e c t r o n s  t h a t  have p e n e t r a t e d  reduced t h i c k n e s s e s  
g r e a t e r  t h a n  0 . 7 .  Furthermore t h i s  p e r c e n t a g e  i n c r e a s e s  w i t h  
s h t e l d  t h i c k n e s s  and spec t rum s o f t n e s s .  For  t h e  c a s e  of t h e  s o f t  
s p e c t r a  i n c i d e n t  on t h e  4 . 0  gm/cm2 s lab  ove r  95% of  t h e  dose i s  
produced by e l e c t r o n s  for which x i s  g r e a t e r  t h a n  0 . 7 ,  and f o r  t h e  
2.0 gm/cm2 s lab  over  50% of t h e  dose  i s  produced i n  t h i s  manner. 
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It i s  n o t  u n l i k e l y  t h a t  t h e  e x t r a p o l a t i o n  i n  F i g u r e  4 cou ld  be o f f  
by as  much as a f a c t o r  of 1 0  a t  x =l. Monte C a r l o  c a l c u l a t i o n s  . 
a t  x = 0.8 ,  0 . 9  are  necessa ry  f o r  dose  c a l c u l a t i o n s  i n  s i t u a t i o n s  
?There t h i c k  s h i e l d s  are r e q u i r e d .  

must be c o n s i d e r e d  i n  t h e  dose c a l c u l a t i o n .  A s  t h e  slab t h i c k n e s s  
i n c r e a s e s  and/or  t h e  spectrum h a r d e n s ,  t h e  dose  c o n t r i b u t i o n  comes 
from i n c r e a s i n g l y  h ig l le r  energy  e l e c t r o n s .  The maximum energy  c u t -  
off  used  i n  t h e  i n t e g r a l  of e q u a t i o n  ( 3 )  was 1 0  MeV f o r  t h e  g raphs  
i n  F i g u r e s  5a and 5b. However, f o r  t h e  4 .0  gm/cm2 s l a b  c o n t r i b u t i o n s  
from e l e c t r o n s  w i t h  E>10 MeV would n o t  be n e g l i g i b l e  ( %  1 0 %  f o r  
t h e  hard spec t rum) .  Measurements o f  e l e c t r o n  s p e c t r a  i n  space  
have n o t  been made i n  t h i s  energy  r a n g e .  A l l  t h a t  i s  u s u a l l y  
a v a i l a b l e  i s  a n  i n t e g r a l  measurement above 4 o r  5 MeV and these  a re  
l i m i t e d  i n  number. The spectrum shape below t h i s  v a l u e  i s  t h e n  
e x t r a p o l a t e d  ou t  to higher  e n e r g i e s .  T h i s  i s  a f u r t h e r  s o u r c e  o f  
p o s s i b l e  e r r o r s  i n  t h e  c a l c u l a t i o n s  i f  t h e  a c t u a l  s p e c t r a l  shape I 

encoun te red  d i f f e r s  cons iderabl ;y . f rom t h e  e x t r a p o l a t e d  shape .  

F i g u r e s  5a and 5b a l s o  i l l u s t r a t e  a n o t h e r  p o i n t  t h a t  

The use  of  a 6 MeV t r a n s m i s s i o n  cu rve  i n  c a s e s  where 
most o f  t h e  dose c o n t r i b u t i o n  i s  coming from e l e c t r o n s  of  7 MeV 
or more, such  as t h e  4 .0  g m / c m 2  slab,  i s  a f u r t h e r  u n c e r t a i n t y .  
T ransmiss ion  c a l c u l a t i o n s  f o r  1 0  MeV i n c i d e n t  e l e c t r o n s  are  needed 
for dose  c a l c u l a t i o n s  i n v o l v i n g  h i g h  energy e l e c t r o n s .  

It has been shown i n  t h i s  s e c t i o n  t h a t  t h e  c a l c u l a t i o n  
*of e l e c t r o n  dose  can  i n v o l v e  t h e  u s e  of da ta  which has been e x t r a p -  
olated a c o n s i d e r a b l e  d i s t a n c e  from e i t h e r  measured of  c a l c u l a t e d  
. va lues .  T h i s  i s  t r u e  o f  b o t h  t h e  e l e c t r o n  s p e c t r a l  shape and t h e  
e l e c t r o n  t r a n s m i s s i o n  c o e f f i c i e n t s .  I n  t h e  nex t  s e c t i o n  t h e  c a l -  
c u l a t i o n  o f  t h e  secondary  e l e c t r o n  b remss t r ah lung  dose  i s  under taken  
and  shown to be i n  r e a s o n a b l y  good shape .  

I V .  BREMSSTRAHLUNG DOSE 

Berger  and S e l t z e r . h a v e  a l s o  c a l c u l a t e d  t h e  forward 
b remss t r ah lung*  e f f i c i e n c y  f o r  e l e c t r o n s  i s o t r o p i c a l l y  i n c i d e n t  on 
aluminum s l a b s .  T h i s  i s  t h e  f r a c t i o n  of  i n c i d e n t  e l e c t r o n  energy 
t h a t  a p p e a r s  as forward d i r e c t e d  b remss t r ah lung  on t h e  s h i e l d e d  s i d e  
of t h e  s lab.  They e x p r e s s  t h i s  f r a c t i o n  as 

Y = a(z ,E)ZE,  ( 6 )  

where Z i s  t h e  a tomic  number (13 i n  t he  case of  aluminum), E t h e  
k i n e t i c  energy  of  t h e  i n c i d e n t  e l e c t r o n s ,  and Y i s  t h e  forward 
b r e m s s t r a h l u n g  e f f i c i e n c y .  When e x p r e s s e d  t h i s  way, ''a'' i s  a s lowly  
v a r y i n g  f u n c t i o n  of E and z ( t h e  s l a b  t h i c k n e s s )  having  a nominal 
v a l u e  o f  abou t  4 .  Two g r a p h s  of Y v s  z/Ro f o r  d i f f e r e n t  v a l u e s  of E 
(Reference  ( 3 ) )  are  shown i n  F i g u r e  6 .  

%Bremss t rah lung ,  o r  "b rak ing  r a d i a t i o n "  c o n s i s t s  o f  e l e c t r o m a g n e t i c  
r a d i a t i o n  (x - r ays )  w i t h  e n e r g i e s  up to t h a t  o f  t h e  e l e c t r o n  producing  
ft, which i s  produced i n  t h e  s lowing  down of t h e  e n e r g e t i c  e l e c t r o n s .  
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Using e q u a t i o n  ( 6 )  t h e  b remss t r ah lung  energy  f l u x  
emerging from t h e  slab i s  g i v e n  b y  

m 

Fb(Z)  Z @(E)  a (z ,E)E2 dE (MeV/cm2), ( 7 )  

The b remss t r ah lung  dose  f o r  mater ia l  a d j a c e n t  t o  t h e  

a b  slab i s  s imply  C1.6 x lo'* <(T > F ( z ) ]  wh.ere <aa>  i s  t h e  mass 
a b s o r p t i o n  c o e f f i c i e n t  f o r  t h e  material  i n  q u e s t i o n  averaged  o f  
t h e  emerging b remss t r ah lung  energy  spec t rum.  For  t h e  bremsstrah- 
l u n g  e n e r g i e s  encoun te red  i n  space  a p p l i c a t i o n s  <(T > f o r  t i s s u e  
i s  approx ima te ly  .031 cm / g m ,  and t h e  dose  i s  g i v e n  by 

a 2 

Db'(z) = 6.45 x I @ ( E ) E  2 a (x ,E)dE,  

where w e  have r e p l a c e d  a (  z,E) b y  a ( x , E )  , making i t  a f u n c t i o n  of  
t h e  reduced  t h i c k n e s s  t o  agree w i t h  t h e  t a b u l a t e d  d a t a  i n  Refer- 
ence  ( 3 ) .  An a n a l y t i c  f i t  t o  Berger and S e l t z e r ' s  t a b u l a t i o n s  o f  
a ( x , E )  g i v e s  

. 1 2 5 E ' 3 2 1 ( x - ~ . 6 ) .  
a ( x , E )  = 4 4  e- R o w  x > .  - 0 . 6 ,  

Z where R ( E )  i s  a g a i n  t h e  e l e c t r o n  r a n g e i n  aluminum and x = - . 
L i m i t s  on t h e  i n t e g r a t i o n  are  n o t  c r i t i c a l  f o r  e q u a t i o n  ( 8 )  because  
t h e  b e h a v i o r  o f  t h e  i n t e g r a l  i s  de te rmined  by t h e  (P(E)E2 t e r m  which 
i s  s h a r p l y  peaked a t  a n  energy  E = b f o '  a s p e c t r a l  shape  e 

A g r a p h - o f  b remss t r ah lung  dosevversus  s l ab  t h i c k n e s s  i s  
shown i n  F igure- ' i :  for t h e  hard and s o f t  e l e c t r o n  s p e c t r a .  
code BEDOSE u s i n g  e q u a t i o n s  ( 8 ) ,  ( 9a )  and ( g b )  was used t o  do t h e  
c a l c u l a t i o n .  The d o s e s  have been normal ized  t o  one e l e c t r o n  p e r  
cm2 s t r i k i n g  t h e  s u b .  A h i s t o g r a m  of  dose  c o n t r i b u t i o n s  v e r s u s  
e l e c t r o n  energy  f o r  t h e  hard spec t rum i n c i d e n t  on a 4.0 gm/cm2 
s l a b  i s  p r e s e n t e d  i n  F i g u r e  8. The d o t t e d  l i n e  i s  a p l o t  of  @ ( E ) E 2 .  
The d e v i a t i o n  a t  low e n e r g i e s  i s  due t o  t h e  d e c r e a s e  i n  a (x ,E)  a t  
low energy  because  o f  a b s o r p t i o n  of  t h e  low energy b remss t r ah lung  
i n  t h e  aluminum s l a b .  

0 RO 

2 -bE . 

The 
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Although t h e  v a l u e s  of  a ( x , E )  used i n  e q u a t i o n  ( 8 )  
s t r i c t l y  a p p l y  on ly  to bremss t r ah lung  from aluminum s l abs ,  
estimates f o r  b remss t r ah lung  doses  from o t h e r  materials can be  
o b t a i n e d  s imply b y  s c a l i n g  e q u a t i o n  ( 8 )  by 2 , t h e  atomic num- 

ber  r a t i o .  
13 

A s  shown above t h e  e l e c t r o n  b remss t r ah lung  c a l c u l a -  
t i o n  i s  a s t r a i g h t f o r w a r d  p rocedure  and does n o t  r e q u i r e  e x t r a p -  
o l a t i o n  o f  Monte C a r l o  or s p e c t r a l  data to any g r e a t  d e g r e e .  
As a r e s u l t ,  e s t i m a t e s  of b remss t r ah lung  dose produced b y  p r i -  
mary e l e c t r o n s  i s  o f  s u f f i c i e n t  accuracy  f o r  any a n t i c i p a t e d  
space  a p p l i c a t i o n s .  

V. APOLLO R A D I A T I O N  DOSES 

The c a l c u l a t i o n  o f  r a d i a t i o n  dose for a s p e c i f i c  m i s -  
s i o n  r e q u i r e s  combining t h e  mis s ion  p r o f i l e  w i t h  a s u i t a b l e  
model of t h e ' s p a c e  r a d i a t i o n  environment  to produce an average  
o m n i d i r e c t i o n a l  e l e c t r o n  f l u x  environment  for t h e  s p a c e c r a f t .  
Although t h e  e l e c t r o n  f l u x  a t  v a r i o u s  p o i n t s  i n  space  can be 
h i g h l y  d i r e c t i o n a l ,  t h e  assumption i s  u s u a l l y  made t h a t  random 
o r i e n t a t i o n  of  t h e  s p a c e c r a f t  produces an  average  f l u x  t h a t  i s  
i s o t r o p i c a l l y  i n c i d e n t  on t h e  s p a c e c r a f t .  V e t t e  e t  a 1  have 
c a l c u l a t e d  ave rage  o m n i d i r e c t i o n a l  f l u x e s  f o r  a v a r i e t y  of c i r -  
c u l a r  o r b i t s  a t  i n c l i n a t i o n  from 0 t o  goo  based on t h e i r  model 
AE2 e l e c t r o n  e n v i r o n m e n t . ( 5 )  T h i s  environment  i s  c o n s t r u c t e d  
f r o m  e x p e r i m e n t a l  measurements made i n  t h e  1962-64  t ime p e r i o d .  
O r b i t a l  f l u x e s  f o r  a p r o j e c t e d  December 1968 e l e c t r o n  envi ron-  
ment based on observed  t ime decay of  the f l u x e s  from t h e  Star- 
f i s h  n u c l e a r  d e t o n a t i o n  have a l s o  been c a l c u l a t e d .  

F i g u r e  9 shows t h e  average  e l e c t r o n  f l u x  spectrum 
which would b e  encoun te red  i n  a 300 n a u t i c a l  mi le  a l t i t u d e ,  30' 
i n c l i n a t i o n  c i r c u l a r  o r b i t .  Both t h e  1964 f l u x  and t h e  p r o j e c t e d  
December 1968 f l u x  are shown. The s o f t e n i n g  of t h e  spectrum be-  
tween 1964 and 1968 i s  due to decay of  t h e  S t a r f i s h  e l e c t r o n s .  

P a r t  o f  t h e  mis s ion  p r o f i l e  f o r  Apollo Mi,ssion E c a l l s  
f o r  a 2 5 0  n a u t i c a l  m i l e  e a r t h  o r b i t  f o r  up to two weeks w i t h  ex- 
tended  occupa t ion  of  t h e  l u n a r  module (LM). S i n c e  t h e  s p e c t r a l  
shape i s  independent  of a l t i t u d e  i n  t h i s  r e g i o n ,  t h e  300 n a u t i -  
c a l  mi l e  f l u x e s  may b e  used t o  c a l c u l a t e  dose  i n  t he  command 
module ( C M )  and t h e  LM, and t h e  r e s u l t s  s c a l e d  to t h e  250 n a u t i -  
c a l  m i l e  a l t i t u d e .  F i g u r e  1 0  i s  a p l o t  o f  t h e  e l e c t r o n  f l u x  
above 0 . 5  MeV v e r s u s  a l t i t u d e  f o r  30° i n c l i n a t i o n  c i r c u l a r  o r b i t s .  
The f l u x e s  are t a k e n  from r e f e r e n c e  ( 5 ) .  The 250 n a u t i c a l  m i l e  
f l u x  i s  0 . 4 1  of' t h e  300 n a u t i c a l  m i l e  f l u x  f o r  bo th  t h e  1 9 6 4  and 
p r e d i c t e d  1968 data .  
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The d i f f e r e n t i a l  s p e c t r a  g i v e n  by Ve t t e  e x t e n d  from 
0 to 7 MeV w i t h  an i n t e g r a l  v a l u e  g i v e n  f o r  t h e  t o t a l  number o f  
e l e c t r o n s  above 7 MeV. I n  c a r r y i n g  o u t  t h e  dose c a l c u l a t i o n s  
these e l e c t r o n s  were handled  i n  two w a y s .  One s e t  of c a l c u l a -  
t i o n s  was c a r r i e d  out w i t h  t h e  d i f f e r e n t i a l  spec t rum d e c r e a s i n g  
e x p o n e n t i a l l y  : 

@(7)e -a (E-7 )  dE  = number o f  e l e c t r o n s  
above 7 MeV. 7 

A second s e t  o f  c a l c u l a t i o n s  was car r ied  o u t  w i t h  t h e  d i f f e r e n -  
t i a l  spec t rum assumed to be  c o n s t a n t  o u t  to a v a l u e  Emax and 
z e r o  t h e r e a f t e r  s o  t h a t  

@ ( 7 H E M a x  -71 = number o f  e l e c t r o n s  above 7 MeV. 

These two c a s e s  are shown by t h e  d o t t e d  l i n e s  i n . F i g u r e  9 and 
r e p r e s e n t  hard  and s o f t  ex t remes  o f  s p e c t r a l  b e h a v i o r .  For  t h e  
s h i e l d  t h i c k n e s s  o f  i n t e r e s t ,  t h e  d i f f e r e n c e s  i n  dose were l e s s  
t h a n  1 0 % .  The more c o n s e r v a t i v e  ( i . e .  h i g h e r  d o s e )  e x p o n e n t i a l  
spec t rum was used  f o r  t h e  doses  p r e s e n t e d  h e r e .  It  shou ld  b e  
p o i n t e d  o u t  t h a t  a l l  s p e c t r a l  b e h a v i o r  above 4 M e V  i s  based  on 
e x t r a p o l a t i o n  even though i n t e g r a l  numbers may b e  a v a i l a b l e  
e x p e r i m e n t a l l y .  

The e l e c t r o n  and b remss t r ah lung  doses  as a f u n c t i o n  
o f  s l ab  t h i c k n e s s  are  shown i n  F i g u r e  11 f o r  t h e  1 9 6 4 ,  and pro-  
j ec ted  1968 s p e c t r a .  The doses  are normal ized  to one e l e c t r o n  
p e r  cm* s t r i k i n g  t h e  s l a b .  I n  o r d e r  to a p p l y  t hese  r e s u l t s  t o  
a s p a c e c r a f t  geometry t h e  f o l l o w i n g  l i n e  o f  r e a s o n i n g  i s  used 
The e l e c t r o n  dose r e c e i v e d  b y  a n  a s t r o n a u t  w i l l  be  a s k i n  dose 
because  o f  t h e  l i m i t e d  p e n e t r a t i n g  a b i l i t y  o f  t h e  e l e c t r o n s .  
The a s t r o n a u t ’ s  body w i l l  s h i e l d  h i s  s k i n  from a l l  e l e c t r o n  rad- 
i a t i o n  e x c e p t  t h a t  coming from i n  f r o n t  of t h e  area under  con- 
s i d e r a t i o n .  Tho maximum s k i n  dose  w i l l  be  produced ove r  t h a t  
area o f  t h e  a s t r o n a u t ’ s  body t h a t  f a c e s  t h e  t h i n n e s t  p a r t  of t h e  
s p a c e c r a f t .  The maximum s k i n  dose  t h a t  can be produced b y  t h e  
e l e c t r o n s  i n  a s p a c e c r a f t  geometry can t h e r e f o r e  b e  o b t a i n e d  
from t h e  s l a b  r e s u l t s  of F i g u r e  11 u s i n g  a s lab  t h i c k n e s s  cor -  
r e s p o n d i n g  to t h e  t h i n n e s t  p o r t i o n  o f  t h e  s p a c e c r a f t .  I f  t h e  
a s t r o n a u t  i s  moving about  s o  t h a t  d i f f e r e n t  p a r t s  of h i s  body 
face t h e  t h i n  p o r t i o n s  of  t h e  s p a c e c r a f t  a t  d i f f e r e n t  t i m e s ,  
t h e n  t h e  t o t a l  s k i n  dose  r e c e i v e d  b y  any p o r t i o n  o f  h i s  body w i l l  
be less t h a n  t h e  maximum p o s s i b l e  v a l u e s  c a l c u l a t e d  h e r e .  
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The dose curves in Figure 11 are normalized to one 
electron/cm* striking the slab (i .e. , spacecraft), and the 
dose values given must therefore be multiplied by the number 
of electrons per cm2 striking the spacecraft in order to obtain 
the electron dose. If we consider the electron flux to be iso- 
tropic, the number of electrons per cm2 striking the spacecraft's 
surface will be equ,al to 1/4 of the omnidirectional flux, or 
Q ~4 (see e.g., Reference (9)). 

For the penetrating bremsstrahlung radiation, the en- 
- tire spacecraft will contribute to the dose. Moreover, the dose 

will be essentially a whole body dose since little attenuation is 
provided by the astronaut's body. Considering the spacecraft as 
a thin spherical shell, the bremsstrahlung dose is given to a 
good approximation by the slab results with an incident flux on 
the slab of 2 or T the omnidirectional flux. = @  1 

Doses for the CM and LM'are given in Table I1 for 1964 
and 1968 electron fluxes. The 300 n.mi. results have been multi- 
plied by 0.41 to convert them to a 250 n.mi. orbit. A minimum 
thickness of 2.5 gms/cm2 and 0.2 gms/cm2 were assumed for the CP4 
and LM respectively in determining the maximum electron dose. 
The bremstrahlung dose assumed average aluminum thicknesses of 
5 and 1 gm/cm2 for the CM and LM respectively. Also listed in 
Table I1 are the values of dE1 required to make equation (2b) 

agree with equation ( 3 ) .  The straight ahead value (i.e., the value 
<dz> 

TABLE I1 

ELECTRON AND BREMSSTRAHLUNG DOSE FOR APOLLO MISSION E 

Brems- 
Electron strahlung <E'> 

U& ~ Electron Dose Dose 
Spectra (rad/day) (rad/day) (MeV/gm/cm2) 

Command Module 1964 .10 .0072 5.7 

1968 ,012 .0002 5.0 

Lunar Module 1964 59 (59) .018 5.1  

1968 2.2 (1.7) ,0003 5.0 
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assuming t h e  e l e c t r o n s  to be unde f2ec ted )  for t i s s u e  i s  
%2 MeV/gm/cm2. The a c t u a l  energy  d e p o s i t i o n  i s  t h e r e f o r e  about  
2 . 5  t i m e s  t h e  s t r a i g h t  ahead v a l u e  f o r  p e r p e n d i c u l a r l y  i n c i d e n t  
e l e c t r o n s .  

The LM e l e c t r o n  dose i s  produced by  e l e c t r o n s  i n  t h e  
r ange  0.5-3 MeV w h i l e  t h e  CM dose  i s  produced b y  e l e c t r o n s  
g r e a t e r  t h a n  5 MeV. T h i s  i s  shown i n  F i g u r e s  1 2  and 1 3  where 
t h e  energy  c o n t r i b u t i o n s  t o  t h e  dose a r e  p l o t t e d  f o r  t h e  1964 
and 1968 s p e c t r a  r e s p e c t i v e l y .  T a b l e  I11 l i s t s  p e r c e n t a g e s  o f  
dose  f r o m . e l e c t r o n s  w i t h  x.0.7 - and from e l e c t r o n s  w i t h  E > 7  - MeV. 

TABLE I11 

PERCENTAGE OF ELECTRON DOSE C O N T R I B U T I O N  FROM VARIOUS 
REGIONS OF x,E SPACE 

X > O .  - 7 E>7 - MeV 

CM 

LM 

1964 35% 30% 

1968 5% 85% 

1964 1% 0% 

1968 25% 5% 

Only t h e  1968 CM e l e c t r o n  dose has a major  por tdon  c o n t r i b u t e d  
b y  e l e c t r o n s  i n  t h e  ( x > . 7 , E > 7  MeV) r e g i o n ,  b u t  t h e  c a l c u l a t e d  
dose  i s  l o w  enough t h a t  f a i r l y  l a r g e  e r r o r s  i n  t h e  e l e c t r o n  
spec t rum can b e  t o l e r a t e d .  

S i n c e  low energy  e l e c t r o n s  produce t h e  LM d o s e ,  dose  
c a l c u l a t i o n s  were r e p e a t e d  u s i n g  T E ( l , x )  i n  p l a c e  o f  T E ( 6 , x ) .  
These numbers are g iven  i n  p a r e n t h e s e s  i n  Table  11. No change 
was observed  f o r  t h e  1964 LM dose  as should  be expec ted  from 
t h e  f a c t  t h a t  t h e  ( x > . 7 )  p o r t i o n  of t h e  t r a n s m i s s i o n  curve  con- 
t r i b u t e s  l i t t l e  t o  t h e  dose.  The 1968 LM dose  was reduced by  
23% due to t h e  f a c t  t h a t  25% of t h e  dose  comes from t h e  (x.0.7) - 
p o r t i o n  of  t h e  t r a n s m i s s i o n  c u r v e .  

The e l e c t r o n  doses  i n  Table  I1 a r e  i n  g e n e r a l  a 
f a c t o r  o f  2-3 h i g h e r  t h a n  s imi la r  c a l c u l a t i o n s  u s i n g  t r ansmis -  
s i o n  c o e f f i c i e n t s  a v a i l a b l e  p r i o r  t o  r e f e r e n c e  ( 3 ) .  Table  I V  
lists e l e c t r o n  doses  f o r  t h e  CM and LM c a l c u l a t e d  u s i n g  t h e  
1 MeV t r a n s m i s s i o n  c o e f f i c i e n t s  from Reference  (6). The Monte 
Car lo  code used t o  c a l c u l a t e  these c o e f f i c i e n t s  d i d  n o t  i n c l u d e  
energy  l o s s  s t r a g g l i n g ,  and t h e  c o e f f i c i e n t s  are too small f o r  
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large v a l u e s  o f  x. The degree o f  d i f f e r e n c e  between t h e  o l d  and 
new doses  i s  d i r e c t l y  r e l a t ed  t o  p e r c e n t a g e  of t h e  dose  c o n t r i -  
b u t e d  by e l e c t r o n s  w i t h  large v a l u e s  o f  x. 

TABLE I V  

ELECTRON D O S E S - U S I N G  OLD T R A N S M I S S I O N  COEFFICIENTS 

Dose Ra t io  
Dose ( rad /day)  ( T a b l e  I I / T a b l e  I V )  

CM 1964 .031 3.2 

1968 .008 1.5 

LM 1964 45 

1468 1.0 2 . 2  

I n  o r d e r  t o  assess t h e  r e l a t i v e  importance of  t h e  e l e c -  
t r o n  dose c a l c u l a t i o n  t o  t h e  o v e r a l l  q u e s t i o n  of r a d i a t i o n  dose 
d e t e r m i n a t i o n ,  i t  i s  n e c e s s a r y  t o  es t imate  t h e  magnitude of t h e  
p r o t o n  dose .  Using t h e  p r o t o n  f l u x e s  i n  Refe rence  ( 1 0 )  and t h e  
p r o t o n  t r a n s p o r t  c a l c u l a t i o n s  o f  Reference  (111, t h e  s k i n  dose  
due t o  p r o t o n s  i s  es t imated  to be approximate ly  .070yad/day f o r  
t h e  CM (compared ' to  .012 rad/day from e l e c t r o n s )  and .20 rad/day 
for t h e  LM (compared t o  2 . 2  rad/day from e l e c t r o n s ) .  The p r o t o n  
doses  are i n  approximate  agreement w i t h  c a l c u l a t i o n s  o f  R . H .  H i lbe rg  
Reference  ( 1 2 ) .  Thus e l e c t r o n s  c o n t r i b u t e  over  90% of  t h e  s k i n  
dose  i n  t h e  LM and 15% i n  t he  CM u s i n g  t h e  1968 e l e c t r o n  environment .  
If t h e  1964 e l e c t r o n  environment .is used ,  t h e  e l e c t r o n  c o n t r i b u t i o n  
t o  s k i n  dose  i n  t h e  CM i n c r e a s e s  t o  60%. 

The c r i t i c a l  phase o f  Apollo Mission E ,  f o r  r a d i a t i o n  
dose i s  t h e  o c c u p a t i o n  of t h e  LM. Although t h e  p r e d i c t e d  1968 
dose i s  w i t h i n  t h e  a l l o w a b l e  l i m i t s ,  t h e  1964 dose i s  n o t .  
More up t o  date measurements of t h e  e l e c t r o n  environment would 
c e r t a i n l y  be o f  g r e a t  v a l u e  i n  v e r i f y i n g  t h e  f a c t o r  of 30 de- 
c r e a s e  i n  dose t h a t  i s  p r e d i c t e d  from decay of  t h e  h i g h  energy  
S ta r f i sh  e l e c t r o n s .  CM doses  are low enough t h a t  no haza rd  
shou ld  r e s u l t  e i t h e r  from e r r o r s  i n  r a d i a t i o n  environment p r e -  
d i c t i o n  or e l e c t r o n  p e n e t r a t i o n  c a l c u l a t i o n s .  Bremss t rah lung  i s  
n o t  a problem a t  these  f l u x  l e v e l s  and s h i e l d  t h i c k n e s s e s ,  

V I .  SUMMARY 

The problem o f  d e t e r m i n i n g  e l e c t r o n  r a d i a t i o n  dose  i n  
s p a c e c r a f t  has been  i n v e s t i g a t e d  i n  d e t a i l  and s e v e r a l  areas o f '  
weakness i n  t h e  c a l c u l a t i o n s  have  been found.  O f  p a r t i c u l a r  
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concern ,  i s  t h e  l a c k  of t r a n s m i s s i o n  c o e f f i c i e n t  c a l c u l a t i o n s  f o r  
s h i e l d  t h i c k n e s s  n e a r l y  e q u a l  t o  t h e  e x t r a p o l a t e d  e l e c t r o n  r a n g e ,  
and l a c k  of e l e c t r o n  s p e c t r a l  i n f o r m a t i o n  above 4 o r  5 MeV. T h i s  
i n f o r m a t i o n  would be needed t o  c a l c u l a t e  e l e c t r o n  dose behind t h e  
modera te ly  t h i c k  s h i e l d s  r e q u i r e d  f o r  h igh  a l t i t u d e  o r b i t i n g  
l a b o r a t o r i e s .  I n  a d d i t i o n ,  t h e  i n c r e a s e  i n  t h e  t r a n s m i s s i o n  co- 
e f f i c i e n t s  w i t h  i n c i d e n t  e l e c t r o n  energy was shown t o  i n c r e a s e  
s i g n i f i c a n t l y  t h e  c a l c u l a t e d  dose ove r  t h a t  ob ta ined  w i t h  t h e  o l d  
1 MeV t r a n s m i s s i o n  c u r v e s .  E l e c t r o n  b remss t r ah lung  dose c a l c u l a -  
t i o n s  were a l s o  s t u d i e d .  The accuracy  of t h i s  ra ther  s t r a i g h t -  
forward c a l c u l a t i o n  i s  s u f f i c i e n t  f o r  r a d i a t i o n  dose p r e d i c t i o n s .  

R a d i a t i o n  dose  c a l c u l a t i o n s  f o r  t h e  250 n .  m i .  o r b i t  
phase  of Apollo Miss ion  E showed t h e  LM e l e c t r o n  dose e s t i m a t e s  
to be w i t h i n  a c c e p t a b l e  l e v e l s  i f '  t h e  1 9 6 4  t o  1968 e l e c t r o n  f l u x  
decay i s  as p rec i i c t ed .  S i n c e  t h e  1 9 6 4 , d o s e  would no t  have been 
w i t h i n  a c c e p t a b l e  l i m i t s ,  i t  would be wise to measure a t  l ea s t  
p a r t i a l l y  t h e  1968 environment  p r i o r  t o  Apollo Mission E .  
Bremss t rah lung  dose  w a s  n o t  a problem a t  t h e s e  f l u x  l e v e l s .  

1011-JSI-bl 

Attachments  
Appendix A 
L i s t i n g  and sample o u t p u t  for code BEDOSE 
F i g u r e s  1 t h r o u g h  13  
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APPENDIX 

Computer Code BEDOSE 

I. GENERAL DESCRIPTION 

BEDOSE (Bremsstrahlung-Electron Dose) calculates the 
radiation dose delivered to the surface of a slab of material 
shielded by various thicknesses of aluminum slabs from elec- 
trons of varying energy incident on the slab. It is patterned 
after a similar code developed at MSFC (Reference (7)). Both 
the dose due to electrons that penetrate the slab and brems- 
strahlung from the electron slowing down process are included 
in the calculation. In order t o  calculate the dose, the code , 

makes use of,electron transmission coefficients and bremsstrah- 
lung efficiency coefficients previously calculated by much more 
involved Monte Carlo procedures. The electron dose in rads is 
calculated by numerical integration of the following equation: 

l7 

@ ( E )  is the differential flux of electrons of energy E incident 
on the slab per cm2 (MeV-lck2). 

TE(E,x) is the fraction of the incident electron energy flux, 
E@(E)dE, that is transmitted through a reduced thickness, 
x (determined from Monte Carlo calculations). 

X 
& *  

is the reduced thickness, 

z is the slab thickness in gm/cm2 

Ro(E>  is t3e extrapolated range (gm/cm2) in aluminum of 
electrons of incident energy E. 

R p  is the corresponding range in the material being irradiated 
(e.g., tissue). 

is the upper energy cutof€' in MeV above which it is assumed 
no electrons contribute to the dose. 

is the lower energy cutoff in MeV below which all electrons 
are assumed to be stopped in the  s l ab .  

is a'constant which converts from MeV/gm t o  units of dose 
(usually rads). 

max E 

Ernin 

Ak 
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D ( z )  i s  t h e  s u r f a c e  or s k i n  2ose i n  rads which would be d e l i -  
ve red  to a s l ab  of m a t e r i a l  a d j a c e n t  to t h e  aluminum 
slab.  The d e r i v a t i o n  cf‘ e q u a t i o n  (Al) i s  g i v e n  i n  t h e  
t e x t .  

e 

BEDOSE a l s o  c a l c u l a t e s  t h e  t r a n s m i t t e d  f l u x  N e ( Z )  g iven  by  

T N ( E , x )  i s  t h e  f r a c t i o n  of  i r - c iden t  e l e c t r o n s  w i t h  energy  between 
E and EtdE, @ ( E ) d E ,  t h a t  are  t r a n s m i t t e d  th rough  a 
redubed t h i c k n e s s ,  x ,  

N e ( Z )  i s  t h e  t o t a l  number cf e l e c t r o n s  p e r  cm2 p e n e t r a t i n g  
n I -  I 

t h e  s l a b ,  and ue‘z i s  e q u a l  to d E 1  t h e  average T <K> ’ 
AkNe 

energy  d e p o s i t i o n  p e r  u n i t  d e p t h  produced b y  t h e  t r a n s -  
m i t t e d  e l e c t r o n s  i n  t h e  i r r a d i a t e d  ma te r i a l .  

The b r e m s s t r a h l u n g  dos6 i s  c a l c u l a t e d  from t h e  e q u a t i o n  

t h e  d e r i v a t i o n  of  which i s  g i v e n  i n  t h e  t e x t .  Z i s  t h e  a tomic  
number o f  t h e  s h i e l d i n g  m a t e r i a l ,  a ( z , E )  i s  t h e  c o e f f i c i e n t  i n  
t h e  forward  b remss t r ah lung  e f f i c i e n c y  formula  (de t e rmined  from 
Monte Car lo  c a l c u l a t i o n s ) ,  and <“a> i s  t h e  ave rage  mass absorp-  
t i o n  c o e f f i c i e n t  of t h e  i r r a d i a t e d  material  f o r  t h e  i n c i d e n t  
b remss t r ah lung  energy  spectrum. 

The q u a n t i t i e s  @ ( E ) ,  TE(E ,x ) ,  T N ( E , x ) ,  z. 

and Ak are  g i v e n  as i n p u t ,  wh i l e  t h e  q u a n t i t i e s  R o ( E ) ,  R t o ( E ) ,  

J Z ,  and a ( z , E )  a re  f i x e d  i n  t h e  code.  @ ( E )  can e i t h e r  

be s p e c i f i e d  e x p l i c i t l y  a t  v a r i o u s  e n e r g i e s  and t h e  code w i l l  
assume e x p o n e n t i a l  b e h a v i o r  i n  between,  or i t  can be s p e c i f i e d  
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by t h e  a n a l y t i c  form Aoe -FE-GE2(E i n  M e V ) .  

t h e  Monte C a r l o  t r a n s m i s s i o n  c a l c u l a t i o n s .  
e f e c t r o n  dose  i s  de te rmined  by t h e  requi rement  t h a t  x - <CTF, where 

TE and TN are  

Emin f o r  t h e  

s p e c i f i e d  b y  a n a l y t i c  f i t s  of  t h e  form, Ae -(Bx+Cx2 f D x ~ ) ,  t o  

CTF i s  s p e c i f i e d . i n  t h e  i n p u t .  Eminz for t h e  br erns s t r a h l u n g  d p s e  

i s  f i x e d  i n  t h e  code a t  a v a l u e  o f (  ) 0 . 6  
3 7  1 

11. INPUT FORMAT 

The i n p u t  q u a n t i t i e s ,  t h e i r  meaning, and t h e  i n p u t  
format  are  l i s t e d  i n  t h e  t a b l e  below. 



B E L L C O M M ,  I N C .  

Ap p end i x 

A-4 

TABLE AI 

INPUT INFORMATION 

Card Number Item( s) Format Purpose 

1 

2% 

3 

4 

T and TE set equal 
to zero for x> CTF. 
N CTF E14.7 

3E14.7 -FE-GE~ if @(E)= Aoe 
analytic form is specified 
for flux. 

3E14.7 Code will compute doses 
for slab thickness equal min’ Az,z 

Z max . . .  
max to ‘minjzmin +Az, z 

N I5 
. .  

Number of energy region 
cards to follow. 

J 

5a, 5 b ,  et e. E. 1 ,ni E14.7, I5 The! Emax is divided 
0 

into N regions. The number 
of steps in the integration 
from Ei to E. is equal to 
n .E =EN,Eo=O. 
Maximum number of 
entries = 20. 

1 I 

il max 

8 

E14.7 Converts MeV/gm to units 
Ak of-dose. Ak.:= 1.6~10 

for rads. 

A,B,CyD . 4El4.7 Coefficients for 
TN(x)zAe- ( Bx+Cx2 +Dx 3.) 

A1,B-yC1’D1 4E14.7 Coefficients for 
-(B1x+C1x2+D1x3) 

Ale 
TE(d= 
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A5 

TABLE A1 CONT'D 

INPUT INFORMATION 

Card Number Item(s) Format Purpose 

9 IFLX, IDE 215 If IDE = 1, code will edit 
C on t r o 1 
Sentinels 

after every Ei given on 
cards 5a, 5b, etc. If 
IDE = 0, code will edit at 
end of calculation. If 
IFLX = 0, @(E) is to be 
specified by input table. 
If IFLX= 1, O(E) given in 
analytic form on card 2. 

lo"* KMAX I5 Number of flux cards 
to follow. 

lla,llb, Ek,@(Ek) 2E14.8 Specifies @(E) at energy 
etc** Ek. Code interpolates 
(KMAX cards) K = (1,KMAX) logarithmically from 

to Ek. El = 0. Ek-l 
Maximum number of 
entries = 40. 

"This card must be in deck, but is ignored if IFLX = G 
"*Must not be used if IFLX = 1 
Total number of Input Cards = 8tN (if IFLX = 1) 

gtN+KMAX (if IFLX = 0 )  
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111. OUTPUT FORMAT 

The output consists of two parts; a section containing 
the input information and a section containing the code output. 
The input information is clearly labeled and is given in the 
following order: 

1. 

2 .  

3.  

4. 

5. 

6 .  

7 .  

Column 1 
labeled, 
used for 

The scale factor, Ak. 

The integration edit intervals and number of inte- 
gration steps, Ei and ni. 

A d , ,  c1, D1 

A, B, C, D. 

CTF, Ao, F,G. 

The flux energy spectrum, if given, Ek and @(Ek). 

@ ( E )  dE which is labeled normalization. r: 
The code output information is listed in 5 columns. 
labeled, Z, is the slab thickness in gm/cm2. Column 2 
Electron Dose, is the skin dose in whatever units are 
Ak (usually rads). If IDE = 1, the code will print 

_-  

accumulated dose after every Zi(i = 1,N) given in the input deck. 
With this option, the user can determine which regions of the elec- 
tron energy spectrum are contributing to the dose. Column 3, 
labeled Electron Number, gives the number of electrons penetrating 
the slab per cm2. 
labeled, E, (DE/D'X), gives Ei when IDE = 1, except f o r  the last 

entry which is <=> the average energy deposition per gm/cm2 

for the electrons that penetrate the slab. When IDE = 0 only 

The same option applies for IDE = 1. Column 4 

dE 

is given in this column. dE 1 

<K> 
Column 5 labeled, Brem Dose, is the bremsstrahlung 

dose produced by the electron bremsstrhalung. The units are the 
same as the electron dose. The option IDE = 1 agein produces an 
e d i t  aftex- every Ei. 
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IV . ADDITIONAL COMYENTS 

.l. The code calculates radiation dose in a slab of 
material behind an aluminum slab shield. Care 
must be taken in applying the results to other 
materials and spacecraft geometries (see text). 

2. The transmission coefficients are energy inde- 
pendent in the present version of the code. Use 
a transmission curve for an incident energy close 
to that which contributes most to the dose. 

3 .  The angular distribution of the incident flux need 
not be isotropic, but the transmission curves should 
be determined f o r  whatever angular distribution is 
assumed for the f l u x .  

4 .  If EMAX is higher than EKMAX, the code will expon- 
entially extrapolate @(E) out to ENAX. 
will be the same as the slope from EKMAX - 

5. The Rb(E) presently in the code is for muscle. 

The slope 

to E ~ ~ ~ ~ *  

6. Generation time + Running time = 6 seconds on 
Univac 1108 for five slab thicknesses and 200 
integration points per slab. 

7 .  A listing with sample output follows below. 



t 

' I T  

3 1  

3 2  
11  0 

702 



7n6 
70 I 

16 

17 
1P 
51 

1 1  
73 

I n  

12 
9 

R 
14 

3 4  
1 3  
4n  

42 
4 2  

43 

44 
4 5  

46 

7 

35 

707 
600 





e Q 5 5  
2 e 5  

-602'37 
-4066 



. 

5000no-nn 0 5 5 0 9 9 6 - 0 0  .52(?230+07 

BREM DOSE 
0469378-03  

133649-02  
e 14n944-02  
e 142576-02  

e 15n3h6-P2 
0 154443-02  

. i 4 6 3 n 7 - n 2  

0158286-02  
e 161768-02  
e164942-02  

164942-02  



0 1 6 P Q l  Q + O A  

ohlS725+f!!h 
m315151+'P7 
.16?5n7+07 
o203906+07  
.237547+n7  

.237547+n7 e 6 4 8  583+O 1 

0 ? 1 1 ~ 1 7 - n 4  
3 5  13 1 - 7 4 : !  

m4n332Q-nq 
. 4 1 3 7 4 s - n 3  
. 4 4 7 r \ r Q - ~ 3  
.4963nQ-Q1 
e 582 5 0 5 - 0 1  
e 6 7  57  7 1 -0 3 
.7648134-n3 
0 8 4 9  2 1s -0 3 

.454nPP-f?q 

. 2 1 4 4 n n - n ?  
e 2 5 8 5 5 Q - m  
0268259-03  
,, 3 n n 2 0 7 - n 3  
0 '3 4 f! 5 7 3 -0  3 
.41r\339-03 
a 49 6 5 1 4 -0 3 
e602496-03  
.704877-03 

. 75sn7n+nJ  

. ? n 7 i  23-n5  
0 12.7Q06-P'l 
.175521-c)? 
0 1R4553-03 
m 2 1 5 4 1  6 - 0 3  
.262697-03 
e323628-03  
0393615-03  
.469642-03 

o 5 8 5 1  24-03 
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FIGURE 9 - MODEL AE2 ELECTRON SPECTRA FOR 300 NM -30' 
INCLINATION CIRCULAR ORBIT 
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